Major advances characterize the Generation-V dual-Purkinje-image (DPI) eyetracker compared with the Generation-III version previously described. These advances include a large reduction in size, major improvements in frequency response and noise level, automatic alignment to a subject, and automatic adjustment for different separation between the visual and optic axes, which can vary considerably from subject to subject. In a number of applications described in the paper, the eyetracker is coupled with other highly specialized optical devices. These applications include accurately stabilizing an image on a subject's retina; accurately simulating a visually dead retinal region (i.e., a scotoma) of arbitrary shape, size, and position; and, for clinical purposes, stabilizing the position of a laser coagulator beam on a patient's retina so that the point of contact is unaffected by the patient's own eye movements.
I. Introduction
There are many methods for tracking a person's eye movements. Systems based on tight-fitting contact lenses can provide accurate tracking but are awkward and potentially dangerous to the subject. Corneal and limbus eyetrackers can measure very small eye movements, but their absolute accuracy is poor. This inaccuracy arises from eye translation movements, which, in these instruments, are indistinguishable from eye rotation movement. For example, in a corneal reflection or a limbus eyetracker, 0.1 mm of eye translation causes approximately a 10 artifactual signal in the eye-rotation record.
The dual-Purkinje-image (DPI) method of eyetracking eliminates the translation artifact from the eye-rotation measurement. It is based on the use of a pair of reflections from optical surfaces in the front portion of the eye. These reflections move by the same amount with eye translation but differentially with eye rotation. By monitoring the spatial separation of these two images, eye rotation can be measured accurately without being confused with eye translation. Similarly, eye translation can be measured accurately without' being confused with eye rotation. A DPI eyetracker can measure eye movements with high frequency response and with an accuracy of the order of 1 min of arc.
A different method for distinguishing between the translational and rotational components of eye movement is based on measuring the position of the corneal reflection with respect to the eye pupil.' The advantage of this approach is that the instrument can be located relatively far from the subject. However, the pupil is not a stable reference, and accuracy is limited to -30 min of arc. Because the system is based on video scanning, the temporal response is limited to -40 msec.
Crane and Steele 2 described an accurate 3-D eyetracker that comprises an early model dual-Purkinjeimage eyetracker, which measures horizontal and vertical eye movements, and an optometer, which measures the refractive power of the eye. The basic DPI instrument has now been advanced to a fifth-generation form. The latest version of the DPI eyetracker, shown in Fig.   1 , is described in this paper.
Several advances differentiate the Generation-V eyetracker from previous versions. First, the system noise, which determines the ultimate resolution of the eyetracker, has been significantly reduced (to -20-sec of arc rms). Additionally, both the frequency response and slew rate have been significantly increased. Frequency response determines the delay through the system; slew rate determines the maximum velocity at which large eye movements can be tracked. Minimizing delay is particularly important when producing stabilized retinal images. The improved frequency response (-500 Hz) results from new servomechanics, which are much smaller in size and specifically designed for use in the eyetracker. In addition to increasing the frequency response, reducing servo size also made possible a major reduction in the size of the eyetracker (to approximately one-fifth the volume). The eyetracker's ability to capture and automatically align itself to a subject was also greatly improved. Figure 2 illustrates the input and output optical paths of the instrument in general terms. Section III describes the system in greater detail.
Basic System

A. Input Optical Path
In Figure 2 , an infrared (IR) source Si is imaged on a stop ST 1 , which is imaged in the pupil plane of the subject's eye. A stop ST 2 in the input path is at optical infinity with respect to the subject's eye and defines the shape of the first-and fourth-Purkinje images. (Reference 2 describes the geometry of Purkinje-image formation in the eye, and the reader is referred to that paper for details.) The input path is folded back on itself at mirror M 1 , whose horizontal and vertical rotation angle is under the control of a pair of motors. The purpose of this 2-D servo system is to keep the input radiation centered on the pupil of the eye even as the eye moves with respect to the instrument. DC is a dichroic mirror which reflects infrared radiation but transmits visible light.
B. Output Optical Path
The input radiation forms a pair of Purkinje reflections in the eye, as illustrated in the inset in Fig. 2 . The first-Purkinje reflection is an intense, virtual image resulting from the component of input IR reflected at the front surface of the cornea. The fourth-Purkinje reflection is a very weak, real image resulting from the component of input IR reflected from the rear surface of the eye lens. Both images lie almost exactly in the pupil plane of the eye. The 2-D separation between these two images remains fixed under eye translation but varies with eye rotation.
The function of the output optical system is to track the positions of the first-and fourth-Purkinje images continuously. This is accomplished with two separate 2-D servo systems. The optics are configured so that the pupil plane of the subject's eye is imaged at mirror Ml,, after being reflected back on itself at movable mirror M 1 0 ; the radiation reflected from M 1 l is divided by beam splitter BS 1 . The (intense) first-Purkinje image is, in turn, reimaged and centered on quadrant photocell P 1 , which is interconnected to serve simultaneously as both a horizontal and vertical split-field cell. If the first-Purkinje image moves, because of either eye rotation or eye translation, the horizontal and vertical error signals generated by P 1 drive servomotors that move mirror M 10 to keep the first-Purkinje reflection centered on P 1 . This servo system has very low noise and very high frequency response. Thus the first-Purkinje reflection remains tightly centered on P, even during rapid eye movements.
The pupil-plane image at M 1 is also reimaged so that the (weak) fourth-Purkinje image falls onto a second quadrant photocell, P 4 , whose outputs control a second pair of servomotors that maintain this image centered on P 4 . This servo system also has low noise and high frequency response.
If the eye translates, only the first-Purkinje system will respond, because translation does not result in any change in separation of the first-and fourth-Purkinje images. Thus, as long as the first image remains centered on P 1 , the fourth image will automatically remain centered on P 4 , without any movement of the fourthPurkinje-image servo system. However, if the eye rotates, the fourth-Purkinje-image system will also respond, because the separation between the first and fourth images will change, and the motion of the fourth system is a direct measure of the eye rotation component. An accurate measure of eye translation can be obtained by (electrically) subtracting the measured rotation component, derived from the fourth-Purkinje tracking system, from the measured rotation-plustranslation component obtained from the first-Purkinje tracking system. Provision is also made for tracking the axial position of the eye; in effect, an automatic focus system responds to any change in the axial position of the eye. This system is important for keeping the optics in sharp focus; it also provides a direct measure of the axial motions of the eye. This focus system, not shown in Finally, the entire instrument is mounted on a three-axis motor-driven stage. This is illustrated schematically in Fig. 2 in terms of three motors labeled X,Y,Z. This 3-D adjustment system is a critical aid in aligning the instrument to a subject. After the operator makes only an approximate alignment of the instrument to the subject, by manual control of the three motors, the instrument then moves automatically to align itself to the exact optimal 3-D position. (Earlier instruments required that the operator find this optimal position, which was difficult as well as time-consuming.) If this 3-D movement system is left in the tracking mode, the instrument will move with the subject during actual eyetracking, providing the subject does not make large, abrupt movements. Figure 3 is a more detailed schematic diagram of the Generation-V eyetracker.
Ill. Detailed System Description
A. Input and Output Optical Paths
In Figure 3 , SI is a source of high-power infrared ra- The rays that pass through Outputs from the four quadrants of detector P 1 are connected in a fashion that yields both vertical and horizontal error signals. As shown in Fig. 4 , the quadrants are, in effect, coupled simultaneously to serve as both a horizontal and a vertical split-field cell. Horizontal motion of the image on the cell generates a horizontal error signal and vertical motion generates a vertical error signal. These error signals are applied to nulling positional servos composed of MH,1, Mv,i, and mirror M 10 . Since the first-Purkinje image now remains fixed in space at P 1 , it will also remain fixed in space at the surface of Ml, while the fourth-Purkinje image will move relative to it as a result of rotational eye movements.
Most of the radiation collimated by lens L 9 passes through beam splitter BS 1 and is reflected by mirror M 14 , which is servo controlled by motors MH, 4 and MV, 4 
B. Automatic Focus
Beam splitter BS 2 is a 50-50 beam splitter that reflects IR to the focus servo system. This radiation passes through aperture A 2 , and the first-Purkinje image is imaged onto split-field photodetector P 2 .
Because A 2 is an off-axis aperture, there is lateral shifting of the image with axial motion of the subject's eye (head). When the subject's eye is properly located axially, the first-Purkinje image is symmetrically positioned on split-field cell P 2 . However, if the focus is either ahead of or behind P 2 as a result of axial eye motion, different amounts of light fall on the two halves of the cell, and this difference produces an error signal to servomotor MF. MF responds by moving L 7 (together with L 6 and stop ST2) in a direction that brings the image back into focus on the surface of P 2 and thus refocuses the entire optical system of the eyetracker. (Reference 2 explains why the three elements-L 6 , L 7 , and ST 2 -are moved parallel to the input light path.)
C. Autopositioning of the Fourth-Purkinje Image
There is significant variation from one subject to another between the visual and optical axes of the eye. A major improvement in the Generation-V eyetracker is the ability of the fourth-Purkinje-image servo system to center itself automatically for each subject by using motors MH and Mv to move lens L 12 laterally. This movement allows the output from P 4 to be nulled, i.e., to be of zero value, when the eye is fixated on a central target. This nulling permits the fourth-Purkinje servo system to operate in its optimal range for all subjects. 
D. Autostaging
During the search mode, the first and fourth servomotors are driven to create a raster scan (the focus servomotor is simultaneously driven back and forth), in an attempt to capture their respective images; simultaneously, the operator manually controls the stage motors (X, Y, and Z) for an approximate visual alignment of the instrument to the subject's eye. After all servos are locked, the X, Y, and Z drive motors automatically move the instrument in three dimensions to center all three servo systems (i.e., the first, fourth, and focus). The instrument is now optimally aligned to the subject.
During tracking, the autostaging can be inactivated or used in a three-dead-band quasi-servo-system mode that keeps the tracker located continually in an optimal position even as the (translational) position of the eye changes in time. Figure 5 shows a size comparison between the 2-D drive assembly used in the Generation-V eyetracker and the assembly used in earlier instruments. The latter was designed around a Ling model 102 motor, which is among the smallest commercially available linear drive motors with the necessary force-generating capability.
IV. Two-Dimensional Mirror Assembly
Obtaining a smaller assembly required a new homemade design. gimbal. This gimbal is constructed to prevent circumferential rotation of the wobble plate; the coils and LVDT cores therefore remain centered in their respective pathways. Rotation of the wobble plate is limited in both axes to approximately ±2', which is more than sufficient for use in the eyetracker (although it may be a limitation in the use of the same assembly for other applications).
The new drive assembly has significantly higher frequency response (see Sec. VI) than the earlier assembly, and, as noted earlier, allows a major reduction in the overall size of the eyetracker and a major simplification of the input optics. In the instrument de- with drive motors M , 1 and M,l simply being slaved to the first pair of motors, MH1 and MV, 1 . Simplification of the input optics derives from the fact that the input radiation must accurately track the position of the subject's eye. In the earlier design, this required accurate design of the multiple optical path lengths and was further complicated by the fact that the input and output optical paths had to merge at the compound (M 1 ,Mio) mirror assembly. In the new design, it is only necessary to adjust the electrical gains and offsets of the (slave) signals that drive motors Mj, 1 and MV, 1 .
V. Noise Level
The ultimate angular resolution of the eyetracker is determined by the signal-to-noise ratio at the fourthPurkinje-image detector. The higher this ratio, the higher the resolution obtainable. In the Generation-V tracker this ratio has been improved partly by increasing the input illumination power; this is feasible as long as the power density at the retina and cornea does not exceed that allowed for safe operation. The increase in illumination power has been realized by the introduction of a new, smaller IRED (infrared-emitting diode) source that has the same surface intensity at room temperature but lower total radiated power (also Fig. 7 . Noise characteristics of the Generation-V eyetracker using a model eye.
lower total input power) than the IRED previously used. The lower power dissipation made it feasible to cool the IR emitter by a small (two-stage) Peltier cooler, thereby improving the efficiency of radiation over an uncooled source. In addition, all the optics in both the input and output paths are antireflection coated to minimize transmission losses, and all mirrors are either gold, which has a high reflectance in the near IR, or the multilayer dielectric type, which also possess a high reflectance.
At the low audio frequencies at which the eyetracker operates, the input noise is determined not by the equivalent noise power of the quadrant detector, but by the Johnson noise of the feedback (load) resistor of the preamplifier. In this case, the signal level increases linearly with the value of the load resistor, whereas the noise increases only as the square root of this value.
Therefore, it is desirable to make the feedback resistor as large as possible. Ultimately, however, it is the preamplifier feedback capacitance (capacitance between the output and input) that limits the size of this resistor, because the product of feedback resistance and feedback capacitance determines the preamplifier bandwidth. This bandwidth must be sufficient to handle the carrier frequency of the IRED (4 kHz) plus the modulation sidebands. In the latest system, the preamplifier has been physically redesigned to minimize output-to-input capacitance. With this design, feedback resistance has been increased by a factor of 2 over that in the design discussed in Ref. 2 , and values as high as 200 M can be used.
With increased surface radiance of the IR source, antireflection coating of all optical surfaces, high reflectivity of all mirror surfaces, and the special preamplifier design, the noise level of the fourth-Purkinjeimage servo system has been reduced to a peak-to-peak value of -1 -min of arc or 20-sec of arc rms, as illustrated in Fig. 7 . (Bandwidth limitations of the recorder have reduced the peak-to-peak noise level to the -10-20 sec of arc seen in the figure.) These data were taken with the aid of a model eye (described in Sec. VII), which produces signal levels approximately the same as those produced by the human eye.
Vl. Frequency Response
The frequency response of the servo systems determines the delay through the system. Delay is a critical feature when using the eyetracker in an image-stabilization mode. For ideal retinal image stabilization, the eyetracker output should change simultaneously with eye rotation. In the latest design, frequency response has been significantly improved through redesign of the servomechanisms. In particular, the servos are much smaller in size; they also drive smaller mirrors. The ultimate frequency response is usually determined by secondary mechanical resonances in the servo structure.
Phase shifts that occur in the servo position signals as a result of these resonances limit the total feedback gain and thus the bandwidth of the servos. These resonances are inherently higher in frequency in the new design because of the reduction in size.
A direct benefit of improved bandwidth is tighter servo tracking. As a result, the error signals at the input of the servo integrators remain more linear even during large eye movements. (Without tight tracking, either Purkinje image can slip far enough on its respective quadrant photocell as to partially fall off the active area; this is a serious source of error-signal nonlinearity.) Error-signal linearity permits effective use of a feedforward technique in which the servo error signal is added to the servo position readout in order to minimize servo readout delay. This does not mean that the servo's mechanical motion delay has been reduced, but rather that the high-frequency portion of the input signal, which is lost because of the low-pass characteristics of the servo, is reentered, after proper scaling, into the servo position readout. For this technique to be successful, however, two conditions are necessary. First, the servo system's error signal must be linear; the improved high-frequency characteristics of the new servo design help in this respect. Second, the highfrequency noise components must be small, since they are no longer filtered out by the servo system; the significantly lower noise characteristics of the latest design help here. In practice, a dead band is designed into the feed-forward signal to eliminate noise except during transient eye movements. Ideally, this dead band is set approximately equal to the tracker's angular resolution.
With this form of feed forward, the eyetracker time delay is -0.25 msec, as seen in Fig. 8 . Figure 9 shows the frequency response characteristics of the Generation-V eyetracker. For small eye movements the response is nearly flat to 500 Hz. Above this frequency the response begins to be influenced by structural responses. (All servos exhibit this resonance, although the Q and frequency vary slightly from unit to unit.) Also shown in this figure is the large-signal frequency characteristic, which determines the system's slew rate. This curve shows that for a 100 peak-to-peak sine wave, eye movement response becomes nonlinear at 90 Hz. That is, the fourth-Purkinje image starts to fall outside the defining aperture at the fourth-Purkinje-image detector. A sinusoidal eye movement at 90 Hz with a peak-to-peak magnitude of 10° has a peak slew rate of 2800 0 /sec, which is about four times the peak slew rate expected with the human eye.
VII. Model Eye
An important component for both aligning and testing an eyetracker is a good model eye. The problem with the human eye, for these purposes, is that it is in continual motion; it is therefore virtually impossible to distinguish instrument noise from small eye motions. It is also important for adjusting the servo systems to have an input device that can make many controlled, highly repetitive motions, which is something that the eye cannot do.
During the course of this development, many forms of model eyes were developed. The most recent and most useful form is shown in Fig. 10 . It consists of a simple lens with front and back surfaces curved to match the nominal curvatures of the front surface of the cornea and the back surface of the eye lens, respectively. Furthermore, the two types of glass are chosen to give the proper reflection coefficient at the interface between the two types of glass-namely, a fourth-Purkinje reflection that is 200-300 times dimmer than the firstPurkinje reflection. The adjoining spherical surfaces of the two glasses are ground with sufficient precision that no adhesive is required to keep them bonded together.
This model eye is a good simulation of the relevant optics of the human eye, and it is easily attached to a motor drive system to be able to simulate eye movements. The system responses shown in the previous sections were obtained with this form of model eye.
Vill. Performance Limitations
Servo performance can always be improved. However, the returns become smaller and smaller when other system errors are of equal or greater magnitude. Many of these artifactual errors are functions of variables in the human eye over which we have little control. We do get clues, however, on how to reduce some of them.
Let us first examine field nonlinearity, i.e., the systematic discrepancy between the actual and the measured gaze angle, which derives from several sources. As seen in Fig. 11 , there is a relatively small but fundamental large-angle nonlinearity due to the geometry of the composite eye-eyetracker optical system. This nonlinearity is constant with time and can be corrected with the aid of either a real-time computer or nonlinear circuits. The reasons for not incorporating these corrections in the tracker are twofold.
First, there is also a field nonlinearity component that is subject dependent, because the curvatures of the relevant optical surfaces of the human eye are not perfect and are not constant from subject to subject. These variations introduce field nonlinearities that can only be corrected on an individual basis. However, such a correction scheme is possible and has been incorporated by various users of the eyetracker. The method involves having the subject look at prescribed fixation points with known angular distances and then correcting the output of the tracker in a computer so that these points compare on a one-to-one basis. Interpolation algorithms are then used during real-time tracking.
A particularly undesirable form of field nonlinearity occurs when the subject has a large astigmatic condition (>1-2 diopters) in which the cylinder axis is neither Second, field linearity can also be affected to some extent by pupil size. This is a time-varying nonlinearity that changes with fluctuations in pupil size. The effect is difficult to model with a variable-pupil model eye; however, it can be completely eliminated by dilating the pupil.
Although Johnson noise in the fourth-Purkinje tracking system limits the ultimate system resolution, non-noise-related errors in the output are also present. One of the largest errors can occur when the subject looks close to the direction of the source (that is, toward the right for a right-eye eyetracker, and toward the left for a left-eye eyetracker). In this condition, the pupil margin may fall within the opening of aperture Al, which lies in front of the first-Purkinje-image quadrant cell P 1 (see Fig. 3 ). If this occurs, the iris, being illuminated, can cause an apparent change in the location of the first-Purkinje image. (The first-Purkinje-image system tracks the center of gravity of the radiation within the detector aperture and cannot discriminate between the first-Purkinje image and the illuminated iris.) This artifact not only affects field linearity, because it is gaze-angle dependent, but also must be considered an actual gaze-angle error, because the pupil diameter is time variable. If the pupil is larger than 7 mm in diameter, its margin generally will be completely outside the field of view of the first-Purkinje detector.
There are at least two other variables introduced when the subject looks toward the source. These are the appearance of the diffuse out-of-focus third-Purkinje image 4 and backscatter from the retina of the illuminating source. The extent to which these variables can cause inaccuracies is a function of the inhomogeneity in field brightness that they produce within the field of view of the fourth-Purkinje detector. Fundamentally, their effect is greater in the horizontal than in the vertical direction, because the light source is displaced horizontally from the subject's line of sight, leading to horizontal asymmetry, while vertical symmetry is retained. Any error due to these variables is completely negligible with eye movements up to 50 or so toward the source but can increase (slowly) to as much as several minutes of arc with eye movements of 10-15° toward the source.
Another artifact is contributed by the lack of rigidity between the lens of the eyeball and the corneal surface.
The accuracy of the DPI tracker depends on there being a precise relationship between these two optical elements of the eye. It is our observation that the eye lens is supported somewhat loosely, and therefore, under high accelerations, relative displacements can occur between the lens and the corneal surface. These result in relatively short (40 msec) artifactual overshoot components in eye records, as shown in Fig. 12 . When the eye is accommodated to infinity the eye mechanical system appears to be more rigidly bound together, and these overshoots are not as significant as with closer accommodation. It has also been observed that the shape of the fourth-Purkinje image can vary with extreme gaze angle. At the present time it is not known what causes this change in shape; but again, because the system tracks the center of gravity of the incident radiation, any change in shape that is not symmetrical about the center of gravity of the fourth image results in an apparent change in gaze angle. This artifactual error varies from subject to subject and can be of the order of several minutes of arc. The effect is most severe when the subject's gaze angle is away from the source (that is, toward the left for a right-eye eyetracker and toward the right for a left-eye eyetracker) and increases with gaze angle. Up to 5° from the center of the operating field, the fourth-Purkinje image seems to be very symmetrical in all subjects.
Still another artifact that is pupil related involves the tracker's focusing system. If the distance between the eye and the tracker's collection lens L 7 changes, the motion is detected and the lens-to-eye distance is maintained constant. If this is not done, any change in the lens-to-eye distance will change the system's lateral magnification and an angular error will be introduced. System focusing is determined by lateral movement of the first-Purkinje image on a split-field photocell (P 2 in Fig. 3 ). The focusing system is servoed so that each half of the photocell always sees the same amount of energy. If the IR contribution falling on the two halves of the cell are totally derived from the firstPurkinje image, accurate autofocus is obtained. However, any illuminated pupil margin entering the field of view of the split-field cell can cause an imbalance in the energy received by each half of the cell and thus a focusing error. To minimize this effect, the split-field cell is oriented so that each half of the cell tends to see the same amount of pupil margin. Balance is not perfect, however, and up to several minutes of error can be introduced by axial head movement. If the head can be maintained in a fixed position by using a bite board and a forehead rest, the focus system can be deactivated and this source of error eliminated. Figure 13 shows a right-eye field plot, similar to that of Fig. 11 , derived from a subject with undilated pupils using a bite board.
IX. Specialized Applications
An accurate eyetracker has numerous clinical and research applications. It can be used directly in ophthalmological and neurological studies to record normal and pathological eye movements, or, in combination with other devices, in more sophisticated applications, some of which are noted here. All these applications have in common the need to stabilize some form of optical pattern on the retina of the subject's or patient's eye.
A. Image Stabilization
Research aimed at understanding the fundamental spatiotemporal properties of the visual system is severely hampered by the subject's normal eye movements, which moves an otherwise completely specifiable spatiotemporal pattern uncontrollably over the retina. This uncontrolled image movement can introduce severe artifact into the resulting data. Of major interest therefore in such studies is the ability to stabilize an input image accurately on the retina. This requires an accurate eyetracker to monitor the subject's eye movements and a means for moving the input pattern so as to precisely compensate for these movements.
Once the subject's own eye movements are compensated, arbitrary but completely controlled motions of the retinal image can be introduced via the same means. Crane and Clark 5 described such a device, which provides rapid 2-D control over the retinal position of an arbitrary stimulus pattern; the object imaged on the .retina may be a CRT screen, a transparency, or a realworld scene. This device, called a visual stimulus deflector, is shown schematically in Fig. 14 . Either a distant object or (with the aid of auxiliary lens L 5 ) a near one is imaged in planes I, and I2, both of which are conjugate to the subject's retina. The optical system contains two high-speed servo-controlled mirrors that rotate in response to signals from the eyetracker, one about a horizontal axis and the other about a vertical axis. In the plane of each axis of rotation is a virtual image of the center of rotation CR of the eye shown at E' and E". When these servo-controlled mirrors are driven by the appropriately scaled eye-movement signals, they can accurately compensate for the subject's eye movements, thereby stabilizing the retinal image in two dimensions. The imaging optics consist of two high-quality relay-lens pairs, L 1 ,L 2 and L 3 ,L 4 ; the lenses of each pair are separated by twice their focal length. Excellent 2-D image stabilization is achieved with a visual stimulus deflector of this type controlled by an accurate eyetracker. 6 Two such systems aligned side by side can be used for binocular stabilized-image research.
B. Stabilized Scotomas
An important class of experiment that is easy to perform using the visual stimulus deflector noted above involves selective stabilization, where some parts of the visual field are stabilized and some are not. These experiments vary from the insertion of unstabilized fixation marks in an otherwise stabilized field to more elaborate situations in which, for example, some edges may be stabilized in a complex pattern, while others are not. 7 A particularly intriguing type of selective stabilization occurs when the subject's view of a stimulus pattern (or of a normal scene) is blocked by an arbitrarily shaped spot, where the obscuring spot is stabilized on the subject's retina while the remainder of the pattern is not. Thus the subject can view a scene with its image moving normally on the retina except for the obscured region, which is locked in a specific place on the retina.
One reason that this stabilized-obscuration technique is interesting is that it mimics a form of retinal pathology known as a scotoma. Even the normal eye has such a region of no response, located at the optic disk and known as the blind spot. The blind spot is not perceived as a hole in the visual field but instead appears to be filled with a stimulus similar to whatever surrounds it. Scotomas resulting from retinal disease also fill-in in this way, so that special techniques are required to identify and map them.
Visual scotomas can be accurately simulated with a relatively simple modification of the stimulus deflector system of Fig. 14.8 In the modified system, shown in Fig. 15 , a plane mirror is placed in the stabilization plane, and the obscuring spot is located on the surface of the mirror. The stimulus pattern is introduced into the optical system by way of a beam splitter, shown located between lenses L 1 and L2-With this arrangement, the (artificial) scotoma pattern, O(xy), remains stabilized on the subject's retina, while the scene, T(xy), is viewed normally, The viewed scene passes twice through the x ,y mirror system, and the deflections caused on each pass exactly cancel; the scotoma pattern passes through only once and is stabilized, in the manner of an ordinary stabilized image.
C. Stabilized Coagulation
Laser photocoagulation is a recognized technique of modern ophthalmological practice. Currently available coagulators are built in the style of a binocular slit-lamp apparatus with facility added for a steerable laser input. To align the laser to the desired fundus location, means Fig. 16 . Schematic diagram of a stabilized coagulator system. with the simultaneous functioning of a DPI eyetracker.
MIRROR STABILIZER
Reference 3 describes a new form of coagulator that does not require a contact lens, and that has been operated in conjunction with a DPI eyetracker, as illustrated 
X. Summary
The major characteristics of the Generation-V dual-Purkinje-image (DPI) eyetracker are:
A noise level of the order of 20-sec of arc rms. A frequency response of -500 Hz for eye movements up to several degrees.
An output signal delay of the order of 0.25 msec.
A slew rate of 2000'/sec, which is faster than the most rapid eye movements.
Each of these characteristics represents a major improvement over the previously described Generation-III instrument. 2 The Generation-V eyetracker is also very much smaller and easier to use than the Generation-III instrument and features automatic alignment to a subject in place of the tedious, manual procedure required in the earlier instruments. Some of the major artifacts that affect and limit the tracking range of the instrument are discussed. The tracking range is of the order of 20° with natural pupils and up to 30° with dilated pupils.
Finally, it is shown how the eyetracker has been coupled:
To a specially designed stimulus deflector system to obtain accurately stabilized images for vision research.
To a modified form of stimulus deflector to permit the accurate simulation of natural visual scotomas.
To a noncontact lens laser photocoagulator so that the position of the laser beam on the patient's retina is unaffected by the patient's normal eye movements.
At SRI, the authors are indebted to Lloyd Alterton for his extremely creative involvement in the mechanical and optical design aspects of many generations of the DPI eyetracker and to My Van Nguyen for his diligent efforts in connection with the electronic construction. Design of the Generation-IV and Generation-V eyetrackers was supported under NIH grant EY 01031 and NASA contract NAS 2-9934.
